Abstract-Field measurements of dielectric properties of hypersaline deposits were realized over an arid site located in Death Valley, CA. The dielectric constant of salt and water mixtures is usually high but can show large variations, depending on the considered salt. We confirmed values observed on the field with laboratory measurements and used these results to model both the amplitude and phase behaviors of the synthetic aperture radar (SAR) signal at C-and L-bands. Our analytical simulations allow reproducing specific copolar signatures observed in both Airborne SAR (AIRSAR) and Spaceborne Imaging Radar (SIR-C) data, corresponding to the saltpan of the Cottonball Basin. More precisely, the main objective of the present paper is to understand the influence of soil salinity as a function of soil moisture on the dielectric constant of soils and then on the backscattering coefficients recorded by airborne and spaceborne SAR systems. We also propose the copolarized backscattering ratio and phase difference as indicators of moistened and salt-affected soils. More precisely, we show that these copolar indicators should allow monitoring of the seasonal variations of the dielectric properties of saline deposits at both C-and L-bands. Because of the frequency dependence of the ionic conductivity, we also show that L-band SAR systems should be efficient tools for detecting both soil moisture and salinity, while C-band SAR systems are more suitable for the monitoring of soil moisture only. Through the study of terrestrial evaporitic environments by means of spaceborne SAR systems, our results could also be of great interest for defining future planetary missions, particularly for the exploration of Mars.
I. INTRODUCTION
N OWADAYS, salinization presents an ever-growing importance not only for economical issues but also for ecological matters such as: 1) desertification; 2) biomass reduction; and 3) degradation of arable lands, preventing the development of sustainable agriculture, particularly in arid and semiarid regions.
Although numerous studies dealt with the relationship between the dielectric properties and moisture content of soils at microwave frequency [1] - [8] , few attempts have been made to study the salinity effects on the soil complex permittivity.
Nevertheless, some studies focusing on the establishment of dielectric mixing models from laboratory measurements took into account the salinity effect [9] - [20] . Based on measurements performed at millimeter and centimeter wavelengths on sodium chloride (NaCl) solutions, Lane and Saxton [9] discussed the necessity of taking into account the ionic conductivity [21] - [23] produced by an electrolyte in the estimation of the complex permittivity of moist salinized soils derived from Debye's theory. Assuming the formulation of the relaxation time and ionic conductivity of aqueous NaCl solutions as described by Weyl [10] and Cox [11] , Stogryn [12] proposed a dielectric mixing model for saline water, represented by an equation of the Debye form in which the dielectric parameters are given as a function of water temperature and salinity. Based on Stogryn's model, Carver [13] investigated the effect of salinity on the complex permittivity. According to his work, the microwave response to soil salinity depends on the density of free ions in the soil. He also stated that this response is significant for frequencies below 5 GHz. Describing the soil as a multiphase mixture of solid particles, water, air voids, and salts, Wang and Schmugge [1] introduced the formalism of the transition moisture separating two states of water, referred to as bound and free water. These states allow taking into account the density of free ions, due to the occurrence of saline minerals, in the solution. Below the transition moisture, the water is assumed to be bound to the soil particles and has the same dielectric properties as ice. Exceeding the transition moisture leads to the free-water component, allowing the occurrence of free ions in the solution. As a result, the dielectric properties of free water are salinity dependent because of the ionic conductivity corresponding to the mobility of ions in the solution [20] , [23] . Moreover, in the presence of free water, the dielectric constant has shown to be frequency dependent [17] , [19] , [20] because of the frequency dependence of the ionic conductivity [21] , [22] . Sreenivas et al. [14] have also conducted an extensive study at L-band over three soils of different textures to investigate the influence of salinity and sodicity on the complex permittivity of soils as a function of the volumetric soil moisture.
All these models led to the same conclusion, that is, the real part of the dielectric constant decreases, whereas the imaginary part increases with the increment in salinity. The real part appears to be more dependent on soil moisture, while the imaginary part is highly sensitive to soil salinity, through variations in ionic conductivity [12] - [14] , [17] - [20] .
Because of the different behaviors of the real and imaginary parts of the complex permittivity, microwaves appear to be efficient in detecting soil salinity. This should allow us to separate saline soils from others [14] .
In microwave remote sensing, it is now well known that the radar backscattering coefficient of a target is highly sensitive to its electrical properties through the permittivity and the conductivity, that is, the complex dielectric constant of the material [2] , [24] , [25] . Although the influence of moisture on the backscattering coefficient has been extensively investigated over the last two decades [26] - [34] , few attempts have been performed to describe the effect of salinity on radar backscattering [14] , [18] , [20] , [35] , [36] . Moreover, very little study has been performed on the large amount of available SAR data [European Remote Sensing satellite (ERS), Japanese Earth Resources Satellite (JERS), RADARSAT, Spaceborne Imaging Radar/ X-Band SAR (SIR-C/X-SAR), Airborne SAR (AIRSAR), and the Advanced Land Observing Satellite/Phased Array Type L-Band Synthetic Aperture Radar (ALOS/PALSAR)] [35] - [40] . Based on laboratory measurements, Shao et al. [37] confirmed that the frequency and the salinity of soils have little influence on the real part of the dielectric constant, while the imaginary part is strongly affected by both the salinity and moisture of soil samples, particularly in the [1] [2] [3] [4] [5] [6] frequency range. Using RADARSAT-1 images, these authors also highlighted a strong correlation between the backscattering coefficient extracted from SAR data and the imaginary part of the complex permittivity, simultaneously measured on soil samples of the illuminated scene. More recently, based on RADARSAT-1 images acquired over the Wadi El-Natrun site in Egypt, Aly et al. [35] have proposed a parametric formulation to evaluate the ability of the RADARSAT-1 SAR system to monitor the salt content of soils by means of the combination of three SAR modes (S1, S3, and S5), without any use of backscattering models. Using ERS-1 images acquired over Chott El Djerid in Tunisia, Wadge and Archer [39] investigated the potential of the ERS-1 SAR system to infer the evaporation rate for this widespread hypersaline environment. Assuming an empirically derived relationship between radar backscatter and surface roughness, due to evaporation resulting in halite crystal efflorescence, these authors converted the ERS-1 backscatter time series into rates of halite growth. Under the assumption that the temporal change of roughness is proportional to the increase of halite mass derived from evaporation, they estimated the volume of water evaporated during the halite crystal crust layer formation. They showed that the evaporation rates derived from radar data are two to three times those measured on the pan. If they suggested an additional surface roughening agent(s) to account for the overestimation of evaporation by their radar method, an alternative explanation would be an underestimation of the dielectric properties of the Chott El Djerid saltpan. Using AIRSAR data acquired over the Alligator River Region in Australia, Bell et al. inferred estimates of the complex permittivity for soil salinity discrimination based on the analysis of the copolar correlation coefficient. All these studies highlight the importance of salinity in microwave remote sensing.
The main objective of the present paper is to understand the relation existing between the soil salinity and both the copolarized backscattering ratio and phase difference derived from airborne and spaceborne SAR images, through their sensitivity to the complex permittivity. Based on SIR-C and AIRSAR data acquired over the saltpan of the Cottonball Basin located in Death Valley, CA, we also propose radiometric and phasimetric indicators of moistened and salt-affected soils, using both the copolarized backscattering ratio and phase difference.
For that matter, we first present the geological and meteorological context of the Cottonball Basin located in Death Valley (Section II). This description is helpful in providing a better understanding of the salt deposit formation, as well as some knowledge of the salt mineral species encountered and hydrological cycles occurring over the saltpan.
To assess the influence of different salt species on the dielectric properties of the saltpan, we have also conducted both fieldwork and laboratory measurements of the complex permittivity of soil samples (Section III). Since the dielectric properties of NaCl has been well investigated [9] - [14] , [17] , [20] , [21] , [37] , we focused here on the KCl salt ones.
Afterward, we present a SAR data analysis based on temporal series of AIRSAR and SIR-C/X-SAR systems (Section IV). We show that saline deposits present a specific signature when considering the copolarized backscattering ratio and phase difference. We also highlighted a seasonal variation of these copolar parameters. To relate such variations to the variations of the dielectric properties, we performed analytical simulations of the copolarized parameters using the integral equation model (IEM) [27] , [41] - [44] (Section V). An important issue in this paper is the close relationship existing between the copolar parameters and the salinity, which would help in making better use of spaceborne and airborne SAR data to study terrestrial evaporitic environments, but it should be pointed out that it could also be of great interest for defining future planetary missions, particularly for the exploration of Mars [45] - [48] .
II. HYDROLOGIC BASIN OF DEATH VALLEY

A. General Geology
Death Valley is a hydrologic basin located at the south edge of the Great Basin in southeastern California, close to the Nevada/California state boundary. Bordering the valley are Precambrian schist and gneiss (consisting of quartz, plagioclase, and potassium feldspar) and Paleozoic sedimentary rocks (consisting mostly of carbonate rocks), which compose: 1) the Grapevine Mountains and the Funeral Mountains (FMs) (Paleozoic and late Proterozoic sedimentary rocks) at the north and northeastern margin of the basin; 2) portions of the Panamint Range (PR) (late Precambrian and Paleozoic) along the western valley margin; and 3) much of the Black Mountains (BMs) (late Proterozoic metamorphic rocks) along the southeastern margin ( Fig. 1) [49]- [52] .
The valley fill is mostly Tertiary (volcanic and sedimentary rocks) and Quaternary (gravels, fine-grained alluvial, and playa deposits) formations. The Quaternary deposits are the most significant to the hydrology of the bottom of the basin, namely, the saltpan of Death Valley, which is one of the world's greatest saltpans. In the central part of Death Valley, the saltpan lies at 85.5 m below sea level, while salt deposits (evaporitic minerals) form a crust, covering more than 520 km 2 . The thickness of the salt crust ranges from several millimeters to more than 1 m. Under the crust are clastic sediments such as silt and clay [49] , [53] , [54] .
B. Climatic and Weather Conditions in Death Valley
The extreme climatic conditions in Death Valley derive from high temperatures, which, combined with strong winds (particularly during spring months), lead to high evaporation rates, the highest in the U.S. as recorded by official weather stations [54] - [56] . Coupled with low rainfall and humidity, such extreme conditions make the hydrologic basin of Death Valley one of the hottest and driest places in the world. Table I displays the weather and climatic information of Death Valley in terms of temperature, rainfall, wind, humidity, and evaporation rate.
According to recorded data, temperatures in Death Valley display monthly average values of about 18
• C-21
• C in winter and 43
• C-46
• C in summer. Higher temperatures may be expected over the saltpan during the summer months from May through September, July being the hottest.
As far rainfall is concerned, the Furnace Creek Ranch (see Fig. 1 ) displays the lowest annual average rainfall of any recorded place in the U.S. (4.2 cm/year), since most rainfall is blocked by the Sierra Nevada Mountains to the west, accounting for the extreme aridity of Death Valley [54] - [56] . Table I reports the annual precipitation averaged over 47 and 44 years for the and periods, respectively. It can be seen that precipitation is higher during the winter months of December, January, and February and then declines to a low point during the summer months of June and July. Since these records are averaged on long periods, they provide a highly confident indicator of the yearly distribution of precipitation over the basin.
Weather records show that the humidity of the hydrologic basin is higher during the winter months from November to February (with an annual average humidity of about 25%), whereas the spring and summer months (April to July) record the lowest values of about 12%. In parallel, it may be seen that the months of April, May, and June are the windiest of the year, while November, December, and January are the quietest.
Dealing with the evaporation, Kohler et al. [55] reported evaporation rates of more than 3 m/year over most of the hydrologic basin. The values recorded between 1958 and 1961 indicate an average evaporation rate of 3.8 m/year. According to recent records, the evaporation rate is assessed at 3.25 m/year, which is about 60 times the precipitation rate if we assume the recent 44-year average annual rainfall rate of 5.4 cm. According to the averaged values of the evaporation rates recorded over the saltpan, the evaporation appears to be lower in winter (from November to February) and higher during the summer months (from May to August). Such observations highlight a close correlation of the evaporation rate with temperature, wind, and rainfall, as well as humidity: during the summer months, the high temperatures combined with high wind and low rainfall logically lead to high evaporation rates. On the opposite, these rates decrease in winter, since the temperature and wind are lower, while the rainfall increases. Because such climatic and weather conditions prevail most of the time in Death Valley, they account for the recorded high evaporation rates and, thus, for a continuous evaporite formation.
C. Hydrology and Drainage Systems
Death Valley is the terminal discharge point for 27 hydrographical areas. Recharge to the basin mainly derives from the percolation of streams or storm runoff from the bordering mountains reaching the saltpan as ground water by crossing the gravel fans. Among the hydrographical areas, five main drainage systems can be distinguished [49] , [54] .
Subsurface inflows, originating from the Amargosa River drainage system, discharge into the south end of Death Valley. Although the main stem of the Amargosa River lies in the lake beds at Tecopa, this drainage system may also receive groundwater inflows from the Mojave River drainage system.
Draining the northwest arm of Death Valley, the Salt Creek drainage basin originates in the Furnace Creek Formation over an area that is mostly mountainous. Since the mountains are composed largely of Paleozoic carbonate rocks, the water collected results from storm runoff in the bordering mountains.
Water discharging from the east slope of the PR drains to the saltpan in a series of mountain valleys. The water collected from hard rain drains through fractures and channels from the bedrock formations in the mountains, allowing the movement of ground water.
The BMs drain to the Death Valley saltpan through a series of cascading gorges. Although the BMs are mainly composed of Precambrian crystalline rocks (south half), the north half consist of Tertiary volcanic rocks and sediments. As a result, each gorge discharges at the foot of the mountains onto steep alluvial fans, and much of the discharged runoff continues to the saltpan.
The west slope of the FMs drains directly to the Death Valley saltpan onto alluvial gravels sloping to the Cottonball Basin, while the east slope drains in the Amargosa Desert.
Ground water also probably enters the basin from three neighboring drainage basins: Pahrump Valley on the southeast, Sarcobatus Flat on the north, and the Amargosa Desert on the east contribute additional recharges. Finally, surface and ground water move toward the Death Valley saltpan where discharge occurs through evaporation.
D. Geochemistry of the Saltpan
As mentioned above, the Quaternary deposits that are significant in the hydrology of the saltpan include salt deposits and saliferous playa sediments that cover more than 520 km 2 of the central part of Death Valley [53] , [54] .
As far as the chemical composition of the saltpan is concerned, it is closely related to the water inflows because of leaching from the bordering mountains. Since the largest springs result from the BMs and the FMs (due to discharging along high-angle faults as the sum of Travertine, Nevares, and Texas Springs), such water discharges strongly influence the geochemistry of the saltpan. Moreover, since these leaching waters usually discharge onto the alluvial gravels at the foot of the mountains, most of this water is saline. According to several analyses of the geochemical composition of water inflows performed on the bordering mountains (PR, FMs, and BMs) and the Amargosa River, they highlight high chloride salt concentrations (NaCl, KCl, and MgCl) [53] , [54] .
Finally, leading to the largest spring waters, the BMs and the FMs predominantly contribute to the geochemistry of the saltpan. A chemical analysis of the spring waters showed very high concentrations of chlorides and sodium, as well as high proportions of sulfate, bicarbonate, potassium, magnesium, and calcium [54] .
It is obvious that surface water and shallow ground water may vary in composition from one part to another of the saltpan and from time to time because of sources, seasonal temperature changes, the water balance (ratio between inflows and outflows), and its position in the pan. Nevertheless, the chemical compositions of the BMs and the FMs can account for the salt crust in the center of Death Valley, which derives from the precipitation of sodium chloride (cf. Fig. 2 ). Then, according to the solubility properties of salts and the chemical abundances previously mentioned, the rest of the chloride salts can be found among clay and silt and are potassium and magnesium chlorides [20] , [54] , [57] .
Since the basin is isolated, the sedimentary deposits present a typical concentric facies pattern (bull's eye facies, cf. [20] and [57] for more details on sedimentary basins), as discussed in [54] : at the center of the pan, the salts in the crust and the brines are mostly chlorides (halite and potassium and magnesium chlorides), which represent the most extensive of the salt zones and cover about half of the pan. The chloride zone is surrounded by sulfate (gypsum and anhydrite), which, in turn, are surrounded by slightly soluble salts (carbonate) precipitating on the edge of the pan. Such a zonal arrangement reflects the differences in the solubility of the salts.
As a result of the previous geological, hydrological, and geochemical observations, during the summer, the high temperature and evaporation lead to the vanishing of water inflows as rapidly as they are discharged. Then, the salt crust can be formed, resulting from the surface precipitation of sodium chloride, and only magnesium and potassium chlorides remain dissolved because of their higher solubility. On the contrary, in winter, with the water balance being positive (inflows exceeds water evaporation), the water spreads over the surface as a thin sheet and collects in shallow pools. In this case, the sodium chloride crust is dissolved by fresh increments of ground or surface water and is mixed with more soluble salts (potassium and magnesium chlorides) in solution. This surface water usually starts to form in November or December, reaching a maximum in January or February, and decreases until the end of April or the beginning of May, when most of the surface water has entirely disappeared. Some moisture still remains mixed with the underlying clastic sediments, clays, and silts. Depending on the dissolved salt occurrence, the complex permittivity of such complex media should present strong seasonal variations, which will have a significant impact on the backscattering coefficients recorded in temporal series of SAR images, in terms of amplitude and phase [20] , [41] .
III. FIELD AND LABORATORY MEASUREMENTS OF THE COMPLEX PERMITTIVITY
Even if it is well known that roughness strongly impacts the radar backscattering coefficients, we focused in the following on the dielectric properties of the saline deposits, since they are usually smooth, particularly at long wavelengths. To determine the roughness parameters, we performed measurements and observations on the saltpan in the Cottonball Basin: we measured an rms height of around 0.3 cm and a correlation length of about 3 cm at the location presented in Fig. 2 [20] .
By assuming the roughness parameters, the main contributor in the radar backscattering response lies in the dielectric properties of the saltpan, which are closely related to its mineralogical composition. In April 2007 (from the 25th to the 27th), we performed in situ measurements of the dielectric properties of the saltpan over a test site located in the Cottonball Basin (N 36
• 29 35 , W 116 • 54 47 , Death Valley, CA, Fig. 2 ) and corresponding to a specific radar signature we observed in SIR-C and AIRSAR images, as described in the next section. 
A. Fieldwork Experiments Conducted in the Cottonball Basin
To directly assess on the field the dielectric properties of soils, in terms of real and imaginary parts of the complex permittivity, we developed a measurement technique based on the measurement of the S11 reflection coefficient in terms of the amplitude and phase of an electromagnetic wave on a sample surface [58] , [59] . Measurements were carried out by means of a portable vectorial network analyzer (VNA) coupled with an open-ended dielectric probe.
The portable VNA used is the Anritsu 2026A, which was previously calibrated at JPL on standard chemical samples following the same calibration procedure as the one reported in [20] . Table II summarizes the measurements performed over the saltpan in the Cottonball Basin. Fig. 3 gives an overview of the main soil constituents observed on the field, namely, the sodium chloride crystal layer (white crust), the clay layer, which is a mixture of clay and loam (brown layer), and the water component, mainly constituted of dissolved potassium chloride salt (sylvite). As far as the surface NaCl (halite) crust is concerned, its dielectric properties were measured for two different moisture conditions reported in Table II , i.e., wet and dry.
The complex permittivity values obtained over the saltpan appear to be coherent with previously published results [4] - [6] , dealing with the salinity effect on the dielectric properties of natural media [13] - [20] .
B. Salinity Effect on the Dielectric Constant
The influence of salinity on both the real and the imaginary parts of the dielectric constant can be observed. As far as the real part is concerned, the measurements revealed very low values that can be explained by the salinity effect, since it has been shown that decreases with the increment of salinity, particularly for a high moisture content [13] - [20] . As an example, the real part for the sodium chloride crust displays values ranging from eight to ten at L-band, whereas the real part for the KCl/NaCl layer is approximately three to four: the higher solubility of the KCl salt compared to NaCl leads to higher salinity values.
On the other hand, the imaginary part is strongly affected by both salinity and mineralogical composition. The high values of recorded during the fieldwork experiment are related to the amount of dissolved salts (concentration of free electrons and ions) controlling the ionic conductivity of soils [20] - [23] , [60] : the higher the amount of mobile ions in the solution (usually referred to as the free-water component in the dielectric mixing model [1] ), the higher the ionic conductivity. Since the imaginary part varies linearly with the ionic conductivity, an increase in salinity should then result in an increasing imaginary part, particularly for a high water content exceeding the transition moisture value [1] , [5] , [19] , [20] . Such a behavior can be observed in the measurement results. As an example, when considering the NaCl salt crust, shows an increase from approximately 10 (dry) to about 25-35 (wet) at L-band because of a greater amount of dissolved salts due to the increment in moisture content. The same observation holds at C-band with an increase of the imaginary part from 3.5 (dry) to about 10-12 (wet). Nevertheless, because of the higher solubility of the KCl solution allowing a higher amount of dissolved salts compared to NaCl-and, thus, higher ionic conductivity-displays an increase to about 40 for the KCl/NaCl aqueous solution in the same frequency range. Even higher values of , exceeding 50 at L-band, can be observed for the clay layer because of the occurrence of highly soluble salts such as potassium and magnesium chlorides, as revealed by the chemical analysis reported in [54] .
C. Frequency Effect on the Dielectric Constant
For the real part, it can be observed that it slowly decreases in the frequency range under consideration . Such a behavior is in good agreement with the one reported in numerous published papers [1] - [5] , [13] - [20] , [37] and supports the assumption that the real part of the dielectric constant is mainly affected by the moisture content.
For the imaginary part, one can see that it strongly decreases with the increment in frequency, because of the dependence of the imaginary part on the ionic conductivity. These measurements agree well with the ones reported in [2] , concerning seawater in comparison with pure water. According to [18] , [20] , and [37] , the same variations can be observed for derived from experimental measurements performed on NaCl solutions. Other investigations dealing with kaolinite, montmorillonite, and NaCl led to the same frequency dependence of the imaginary part [17] . As reported in [20] and [23] , these variations can be explained by means of the Debye-Falkenhagen theory [21] , [22] , which stipulates that the variation of with frequency can be attributed to the frequency dependence of the ionic conductivity: being linearly dependent on the ionic conductivity, the imaginary part of the dielectric constant of a saline electrolyte should decrease with the increment in frequency. As an example, the imaginary part of the clay layer decreases from about 49-67 to about 9-14 when increasing the frequency from 1.5 to 6 GHz.
Moreover, the frequency behavior appears to be moisture dependent. It can be seen for the NaCl crystal layer that the decrease of in frequency is steeper when considering higher moisture contents. As an example, assuming a dry NaCl crust, decreases from 11.5 to 3.2 in the frequency range [1.5-6 GHz]. Assuming higher water contents (reported as wet crust in Table II ), the imaginary part presents a steeper decrease from about 25-35 to 8-11. This moisture dependence can be explained by the amount of mobile ions: the higher the water content, the greater the amount of mobile ions in the electrolyte and, thus, the higher the effect of the ionic conductivity on the imaginary part.
D. Laboratory Measurements Performed on KCl
In [20] , we presented laboratory measurements performed on NaCl solutions mixed with sand, corresponding to the Pyla dune site in France. Dealing with Death Valley, we extended the laboratory measurements to the KCl electrolyte, since important amounts of potassium chloride have been observed over the Cottonball Basin.
The dielectric constant measurements on KCl electrolytes were carried out by means of an Anritsu 37325A VNA coupled with an open-ended coaxial dielectric probe of SMA type. The acquisition procedure is the same as the one used in Death Valley, which consists of inverting the complex dielectric properties of natural samples from the measurements of the complex reflection coefficient S11. To reduce the measurement errors, S11 measurements were averaged over a series of six measurements performed on each sample for each moisture content value. As far as the real part is concerned, our measurements indicate that it increases with the increment in moisture content. They also confirm the frequency dependence of observed in measurements performed over the saltpan. It can be seen that slowly decreases with the increment in frequency except for high moisture contents (m v > 0.37). For a very low moisture content (m v < 0.15), is less frequency dependent, while for high moisture content values (m v > 0.40), shows a stronger decrease from about 23 to 15 in the [2.2-7 GHz] frequency range. Such results also highlight the occurrence of a transition moisture W t , as suggested in [1] and [6] and measured in [20] for NaCl solutions. The transition moisture corresponds to the water content separating two distinct regimes: bound and free water. In the bound-water region, the water is bound to the soil particles, and its dielectric properties have been shown to be close to that of ice (low-loss medium [1] ). On the other hand, when exceeding the moisture transition value, the water is referred to as free water, allowing the occurrence of mobile ions in the electrolyte and, thus, the influence of salinity through the frequency dependence of the ionic conductivity. According to our laboratory measurements, a transition moisture of W t = 0.37 can be estimated for the KCl electrolyte.
As expected, our experimental results indicate that the real part of soil permittivity is inversely proportional to the salinity content [1] , [4] , [20] . Compared to the measurement results reported in [20] for the NaCl electrolyte, it can be also observed that the real part of the dielectric constant of the KCl electrolyte is smaller when assuming the same salinity and moisture content values. For instance, for S = 100‰ and m v = 30%, decreases from 7.7 to 4.6 for KCl, whereas decreases from 17.5 to 12.5 for NaCl in the [2-7 GHz] frequency range [20] . Such a difference can be attributed to the solubility properties of salts. Since the sylvite displays a higher solubility than halite, the amount of electronic charges resulting from the dissolution of KCl should then be greater than the one resulting from the dissolution of the same amount of NaCl: the higher the solubility of a salt, the greater the amount of mobile ions in the solution. As a result, the salinity effect resulting from the dissolution of KCl in water should be higher than the one resulting from the dissolution of the same amount of NaCl. Then, assuming a salinity of S = 100‰, the real part of a KCl electrolyte should be smaller than the one of a NaCl electrolyte, as observed in our measurements.
Nevertheless, some discrepancies for the real part could be observed between laboratory and fieldwork measurements. Compared to the real part of the KCl/NaCl water layer in Table II , the laboratory measurements show systematic higher values for the frequency range under consideration. These differences can be attributed to both the mineralogical composition of the solution and the temperature effect. It is well known that the solubility properties of mineralogical species depend on the temperature. As an example, if the NaCl solubility slowly increases with the temperature, from 35.6 to 40.5 g of anhydrous solute in 100 g of solution in the [0 • C-100
• C] temperature interval, the solubility of KCl increases from 27.6 to 58.3 g in the same temperature range. Since the laboratory measurements have been performed at a temperature T = 20
• C, the solubility of KCl is underestimated compared to the one occurring in the Cottonball Basin, where temperatures exceeded 40
• C at the time of the field measurements. Finally, some discrepancies for the frequency behavior of the real part occur in the [500 MHz-1.5 GHz] frequency range, where it can be observed that it presents an unexpected increase with frequency, particularly when the water content exceeds the transition moisture. This effect can be explained by the blemishes due to the VNA, which is not very relevant for very low frequencies in the [500 MHz-1 GHz] range. For these reasons, the simulations of the radar backscattering coefficients by means of the IEM presented in Section V have been performed for frequencies higher than 1.5 GHz.
Concerning the imaginary part, our measurement results are also in good agreement with the Debye-Falkenhagen theory, as well as the frequency behavior of saline electrolytes reported in previous papers [1] , [2] , [17] - [20] , [37] and the results from the Death Valley measurements. It can be clearly observed in Fig. 4 that steeply decreases with incrementing frequency, particularly for moisture contents exceeding the transition moisture, since the ionic conductivity is the main contributor to dielectric losses in the [1-4 GHz] frequency range [15] , [20] , [23] . Since the ionic properties of salts are no longer effective without the free-water component, the imaginary part is logically weaker for small water contents, as shown in Fig. 4 . As an example, for a moisture content of m v < 20%, that is, below the transition moisture, does not exceed eight in the [1-7 GHz] frequency range. On the contrary, for an increment in water content leading to a greater concentration of mobile ions in the solution, the frequency dependence of the imaginary part becomes much more effective. With the ionic conductivity increasing at low frequencies [23] , we logically observe a strong increase of the imaginary part at low frequencies. As an example, increases up to 50 at 2 GHz for a water content exceeding 40%, while it decreases down to 15 at 7 GHz.
IV. ANALYSIS OF AIRSAR AND SIR-C DATA
A. SIR-C and AIRSAR Data
To assess the influence of saline deposits on SAR imagery, two kinds of SAR images were considered in the following. The first data set was acquired by the SIR-C spaceborne system, while the second one was obtained by means of the JPL/NASA AIRSAR airborne sensor.
The JPL/NASA SIR-C was an imaging radar that flew twice during 1994 onboard the Space Shuttle Endeavour (STS 59 and STS 68). It provides us with a temporal series of SAR images for the April and September-October 1994 periods. The SIR-C antenna structurally consisted of two individual antennas operating at different wavelengths: L-band (23.5 cm) and C-band (5.8 cm). These antennas allowed acquisitions in both horizontal (H) and vertical (V) polarizations, leading to four channels: two copolarized (HH and VV) and two cross polarized (HV and VH). This system provided multifrequency and multipolarization radar images with a spatial resolution of 30 m. It recorded the magnitude of the backscattering signal, as well as its phase, allowing the derivation of the complete scattering matrix of a scene on a pixel-by-pixel basis [61] - [63] .
Providing a better spatial resolution (12 m), we also considered SAR images acquired on April 10, 1994 with the JPL/NASA AIRSAR sensor. Similar to SIR-C, the AIRSAR system is a multifrequency and fully polarimetric imaging radar. The cm6507 and cm6838 AIRSAR images were acquired at P-, L-, and C-bands for all possible combinations of horizontal and vertical transmit and receive polarizations, allowing the exploitation of both the amplitude and phase recorded in each pixel of the studied area.
Figs. 5 and 6 display images for both AIRSAR and SIR-C sensors, corresponding to the test site under consideration, i.e., the saltpan of the Cottonball Basin in Death Valley, CA. It should be noticed that the saltpan can be clearly observed.
B. Analysis of the Copolarized Ratio and Phase Difference Derived From SIR-C and AIRSAR Data
Because of the special dielectric properties of the saline deposits in the Cottonball Basin, we expect them to have a specific radar signature. According to recent works, the use of the radar copolarized ratio σ hh /σ vv has been shown to be particularly suitable for assessing the complex permittivity of soils [27] , [64] , [65] , since this ratio is theoretically less dependent on the surface roughness. Including second-order terms in the small perturbation model [65] has shown that this ratio is affected by roughness, which increases the copolarized ratio (i.e., makes the VV backscattering coefficient closer to HH). Based on the single backscattering coefficients of the IEM, [27] showed that σ hh /σ vv is affected by the classical statistical roughness parameters (rms height and correlation length), particularly for high-roughness conditions (rms height > 1.5 cm and correlation length > 10 cm at L-band). Nevertheless, assuming a small rms height (rms height < 1 cm), these authors showed that the copolar ratio is independent of the correlation length and weakly affected by the rms height: the copolar ratio was shown to vary from less than 0.1 dB at L-band for rms height < 1 cm and correlation length < 10 cm [27] . Thus, because of the small-roughness parameters observed and measured over the saline deposits (rms height = 0.3 cm and correlation length = 3 cm), we can consider that the copolarized ratio does not depend on the roughness, as a first approximation. We shall then consider in the following the radar copolarized backscattering ratio σ hh /σ vv derived from AIRSAR and SIR-C data, which will be compared to the analytical simulations presented in Section V.
Based on SIR-C and AIRSAR data, the analysis of the copolarized ratio of the radar backscattering coefficients revealed a typical signature for the saltpan, as shown in Fig. 7 (top) . Table III summarizes the mean values of the copolarized ratio and phase difference extracted from spaceborne and airborne SAR data after applying a 7 × 7 pixel smoothing window. It should be pointed out that each σ hh /σ vv ratio and φ HHVV phase difference is averaged over the test site area corresponding to the black polygon displayed in Fig. 7 . The copolar ratio listed in Table III suggests a seasonal effect related to a change in soil moisture. For SIR-C data, it can be clearly observed that σ hh /σ vv increases between April and September for both C-and L-bands: from 0.32 in April to 0.43 in September at L-band and from 0.23 to 0.49 at C-band. According to the yearly distribution of the precipitation, such an increase can be related to the weather and climatic conditions described in Section II-B. Following the wettest months (December, January, and February), the precipitation events lead to a high soil moisture content, combined with a smallroughness parameter: the higher the moisture content of the crystal crust layer, the smoother the surface (the surface sodium chloride crust is dissolved by fresh-water discharges). Such low-roughness conditions better separate HH and VV behaviors, we then logically observe the smallest copolarized ratios in April on both the SIR-C and AIRSAR data. On the other hand, following the hottest months (June, July, and August), the acquisitions performed at the end of September concern low soil moisture, coupled with the desiccation of the crystal crust layer (in form of polygons) leading to an increase in surface roughness. According to [27] and [64] , such an increment in the roughness parameters should lead to an increase in σ hh /σ vv , since for rough surfaces, the isotropic scattering distribution leads to the same HH and VV backscattering coefficients. As expected, σ hh /σ vv presents an increase in September. The stronger increase observed for C-band compared to that for L-band can give some information on the roughness parameters, since the roughness effect is stronger at scales on the order of the wavelength. In summary, variations of the copolarized ratio reflect the seasonal variation of the rainfall through the dependence of σ hh /σ vv on the soil moisture content and surface roughness.
Dealing with the copolarized phase difference, we showed in previous studies that this phase signal could be used as a moisture indicator [41] , [66] . Since the expression of φ HHVV is derived from the copolarized backscattering coefficients, the different behaviors of the backscattering coefficients in each copolarized mode, as revealed by σ hh /σ vv , can impact the phase signal. We proceeded with the same analysis for φ HHVV as the one performed for the copolar ratio. The copolar phase difference reported in Table III represents the mean value of the Gaussian distribution of φ HHVV for the test area.
In Table III , a strong correlation between the radar phase signal and the copolar ratio can be observed, as well as a strong dependence on the seasonal data. For each frequency, φ HHVV appears to vary inversely with σ hh /σ vv . As an example, for the SIR-C L-band data, φ HHVV decreases from 24
• to 10.5
• for an increment in σ hh /σ vv from 0.32 to 0.43. The same observation can be done for C-band, where the decrease of φ HHVV from 11
• to 7
• corresponds to an increase of σ hh /σ vv from 0.23 to 0.49. Variations in the copolarized phase difference is then also related to the weather and climatic conditions. Such a variation supports the assumption in [41] and [66] , that is, the copolar phase signal is related to the moisture content of soils: the higher the soil water content, the higher the radar phase difference. For instance at L-band, φ HHVV increases from 10.5
• in September (corresponding to the lowest soil moisture conditions) to 24
• in April (corresponding to the highest soil water content). In the same way, φ HHVV increases from 7
• in September to 11
• in April at C-band.
V. COMPARISON OF SAR DATA WITH THE IEM MODELING OF THE COPOLARIZED BACKSCATTERING RATIOS AND PHASE DIFFERENCES
We consider here an analytical approach based on IEM simulations of the copolarized backscattering coefficients for SIR-C and AIRSAR parameters (in terms of incidence angle, polarization, and wavelength), as well as the roughness parameters observed over the saltpan.
Because of the small roughness recorded on the moistened saline deposits, the analytical simulations of the copolarized ratio were performed by means of the single-backscattering coefficients derived from the IEM scattering model, since single scattering should dominate over multiple scattering.
It should be pointed out that [27] found a good agreement between the IEM single-scattering model and the L-band SIR-C and AIRSAR data over a well-managed watershed in southwest Oklahoma (Little Washita River) for a wide range of soil moisture and surface roughness conditions. Such an agreement also accounts for the choice of the IEM for the following theoretical analyses of the copolarized ratios.
The simulation will first aim at defining whether the singlescattering IEM can reproduce the copolarized backscattering ratios derived from C-and L-band SAR data. Afterward, by comparing SAR measurements to theoretical model predictions, we will propose the use of the copolarized radiometric and phasimetric signals as indicators of moistened saline deposits, not only to infer an estimation of the soil moisture and the dielectric properties of the hypersaline areas, but also to follow the seasonal variations of such properties.
A. Analysis of the Copolarized Backscattering Ratios and Phase Differences Derived From IEM Analytical Simulations
The following IEM simulation results mainly focused on the SIR-C parameters, since the spaceborne SAR system provides temporal series, allowing the investigation of the seasonal effect on the copolarized backscattering ratio and phase difference in SAR data.
Two cases have been investigated to reflect the variations of the soil moisture conditions corresponding to both April (wet case) and September (dry case) acquisition dates: as far as dielectric parameters for April simulations are concerned, we assumed the dielectric constant values derived from the measurements performed over the saltpan to be a reasonable approximation of the dielectric input parameters, while the ones for September are based on laboratory measurements performed on NaCl and KCl electrolytes. Because of the frequency limitations of the laboratory measurements induced by the VNA, the input frequencies for the IEM simulations are set at 1.5 GHz for L-band (whereas the L-band frequency is about 1.26 GHz for the both SAR systems) and 5.3 GHz for C-band.
The incidence angles are derived from the near and far look angles for each SAR image. By identifying the pixel location of the saltpan on each image, the input incidence angles were set to 44
• for SIR-C images and 59
• for the AIRSAR ones.
B. Copolarized Backscattering Ratios and Phase Differences Simulated for the Wet Season (April)
For the wet case, we initially considered a single-layer backscattering model representing a water-saturated salt crystal layer, with roughness parameters corresponding to the ones observed during the fieldwork campaign, i.e., σ = 0.3 cm and L = 3 cm for the rms height and correlation length, respectively. IEM simulations of the copolarized ratio σ hh /σ vv are presented in Fig. 8 . Two behaviors can be clearly observed: the first one relates to the dependence of the ratio on soil moisture, while the second one concerns the impact of salinity on the copolar ratio. Assuming both C-and L-band frequencies, Fig. 8 indicates that σ hh /σ vv decreases with the increment in the dielectric constant, that is, with the increment in soil moisture content: the higher the moisture content, the higher the complex permittivity and the smaller the copolar ratio. According to the L-Band SIR-C simulations, σ hh /σ vv decreases from 0.53 to 0.29 for an increasing complex permittivity from 3.5-3.5 j to 10-50 j. The same observation holds for the AIRSAR simulations with a decrease of σ hh /σ vv from 0.63 to 0.23 for the same permittivity range. Changing the frequency to C-band, the IEM results predict a variation of σ hh /σ vv from 0.43 to 0.24 for an increment in the dielectric constant from 3.5-3.5 j to 8-12 j. Such a variation of the copolar ratio can be understood by means of the physically based explanations previously mentioned: assuming high soil moisture contents combined with low surface roughness leads to very reflective surfaces, which present a big difference between the vertically and horizontally polarized backscattering coefficients [2] , [24] , [27] , [64] .
Another interesting result concerns the copolarized ratio dependence on the salinity through the imaginary part of the complex permittivity, particularly at L-band. As shown in Fig. 8 , the L-band σ hh /σ vv appears to slowly vary with the real part of the dielectric constant. On the contrary, the ratio displays a strong dependence on the imaginary part, whatever the real part may be. As an example, fixing the real part to = 6, σ hh /σ vv decreases from 0.5 to 0.27 for the SIR-C simulations and from 0.60 to 0.21 for the AIRSAR ones for an increment of the imaginary part from = 3 to 68. Such dependence of the copolar ratio on lies in the ionic conductivity, which reflects the salinity effect. As mentioned in [20] , the vertically polarized backscattering coefficient is more sensitive to salinity than the horizontally polarized one: the difference between σ o hh and σ o vv increases with the soil moisture content and the salinity, since an increment in soil water content leads to a higher free-water component, allowing the occurrence of greater amounts of mobile ions. It results in a copolarized ratio inversely proportional to the imaginary part, i.e., to the salinity. At L-band, the dependence of the radar ratio on dominates over its dependence on , as observed in Fig. 8 for both AIRSAR and SIR-C IEM simulations. On the contrary, since the ionic conductivity has shown to be inversely proportional to the frequency [20] - [23] , an increment in frequency from L-to C-band results in a decrease of , as shown in the laboratory measurement section (Section III and [20] ). The effect of salinity on σ hh /σ vv should then be reduced at C-band, leading to comparable contributions of the real and imaginary parts on the copolarized ratio. The IEM simulations results performed at C-band confirm this hypothesis, by displaying a comparable variation of σ hh /σ vv with the increment in both the real and imaginary parts of the dielectric constant (see the concentric lines observed in Fig. 8 ). For instance, at C-band, σ hh /σ vv decreases from 0.45 to 0.3 for an increase of the real part from 3.5 to 10, while the same variation of the ratio holds for an increase of the imaginary part from 3.5 to 8. As far as the copolar phase difference is concerned, Fig. 9 illustrates the IEM simulations of φ HHVV performed at L-and C-bands for SIR-C and AIRSAR parameters. Since for the wet season, the scattering geometry reduces to a smooth and perfectly conductive layer (as observed on the site during the April 2007 field experiment), we first investigated the phase associated to the Fresnel reflection coefficient computed for a single-layer scattering problem. If we successfully reproduced the copolar ratio from the analytical expression of the copolarized backscattering coefficients σ o hh and σ o vv derived from [24] , the use of the Fresnel reflection coefficient failed in reproducing the observed φ HHVV . It should be noticed that the Fresnel reflection coefficient does not depend on roughness parameters but only on the incidence angle, while its frequency dependence lies in the frequency dependence of the complex permittivity. As shown in Fig. 9(a) (SIR-C) and 9(b) (AIRSAR), the computed phase difference displays a behavior inconsistent with the observations when considering the Fresnel reflection coefficient for a single-layer geometry.
The copolar phase appears to decrease with the increment in both real and imaginary parts of the dielectric constant of the wet salt NaCl crust layer. On the contrary, the copolar phase difference observed on SAR data indicate an increase in April (in comparison with September) related to higher dielectric properties of the saltpan, as well as low surface roughness. Moreover, the φ HHVV values derived from SAR data also clearly indicate an increase with the wavelength. Since the dielectric properties have shown to be inversely proportional to the frequency, we should then expect to observe an increase of φ HHVV with the increment in the dielectric properties.
Since the single-layer scattering model failed in reproducing the observed φ HHVV , we additionally investigated the case of a two-layer geometry [41] , [66] , constituted of a thin brine (saltsaturated) water layer covering a water-saturated clay/loam layer. Assuming that the brine layer is mainly constituted of NaCl and KCl salts, we considered its dielectric properties as a combination of the Salt Creek River ones (mainly composed of NaCl salt, cf. Table II ) and the laboratory measurements performed on KCl (Fig. 4) . According to the frequency under consideration, we assumed the following complex permittivities as a reasonable approximation for the surficial brine water layer: bwl = 60−65 j at L-band and 30-30 j at C-band. This layer has to be thin enough (in centimeters) to let the radar wave penetrate and reach the subsurface clay/loam layer. As far as the clay/loam layer is concerned, we considered the dielectric constants reported in Table II with respect to frequency, that is, cll = 10−50 j at L-band and 8-12 j at C-band. Dealing with the roughness parameters, since we made the hypothesis of a brine water layer, we assumed smooth surfaces with an rms height and a correlation length of about 0.3 and 3 cm, respectively. The results of the computed copolar phase difference for each frequency for both sensors are presented in Fig. 9(c) , as a function of the thickness of the brine layer. It can be seen that when considering a covering brine layer, the theoretical φ HHVV approaches the values observed on SIR-C and AIRSAR data in April for each frequency. The IEM φ HHVV at L-band displays a Gaussian distribution centered on 26
• for SIR-C and 32
• for AIRSAR (corresponding to a brine-layer thickness of about 0.6 cm), while the copolar phases extracted from the April acquisition data at L-band indicate φ HHVV 24
• for SIR-C and 34
• for AIRSAR. The same observations hold at C-band, with a theoretical copolar phase close to 9
• for SIR-C and 15
• for AIRSAR (corresponding to a brine-layer thickness of about 0.5 cm), while the copolar phases observed on SAR data reveal φ HHVV 11
• for AIRSAR.
C. Copolarized Backscattering Ratios and Phase Differences Simulated for the Dry Season (September)
Because of the increment in the surface roughness related to the desiccation phenomenon occurring during the dry season, we then have to assess the roughness impact on σ hh /σ vv . For that matter, we considered in the following a two-layer scattering problem constituted of a dry NaCl crust layer with varying roughness parameters covering a smooth wet clay/loam layer with roughness parameters of σ cll = 0.3 cm and L cll = 0.8 cm. We fixed the dielectric constant at dcl = 3.5−6 j for the dry crust and cll = 10−50 j for the clay/loam mixture (close to the ones measured in situ). L-band IEM simulation results are presented in Fig. 10(a) . Considering a 1-cm-thick crust layer, it can be observed that the copolar ratio for small-roughness parameters (σ dcl = 0.5 cm and L dcl = 6 cm) is close to the one observed on SIR-C data in September (σ hh /σ vv = 0.43). Assuming higher roughness parameters (σ dcl = 1.3 cm and L dcl = 10 cm), as an effect of desiccation, we can observe an increase in the copolar ratio up to 0.54 for a 1-cm-thick crust layer. Moreover, when dealing with the associated copolar phase difference [ Fig. 10(b) ], it can be seen that the theoretical φ HHVV is lower than the one extracted from the September SAR data (φ HHVV = 10.5
• ): the computed copolar phase does not exceed 6
• , whatever the roughness parameters may be. Such a discrepancy could be explained by the multiplescattering component we did not consider. We showed in [66] that multiple scattering induces an additional copolar phase difference when dealing with a two-layer scattering problem involving rough and moistened surfaces. In other words, the multiple-scattering term induces a higher difference between the copolarized backscattering coefficients σ o hh and σ o vv . Then, a multiple-scattering term, related to the increase of roughness due to desiccation, should lead to a decrease in the copolar ratio, as well as an increase in the copolar phase difference.
Nevertheless, even when neglecting the multiple-scattering term, it should be noticed that the IEM simulations logically indicate an increment of σ hh /σ vv with roughness parameters. Under the assumptions of single scattering only, very rough surfaces make the vv backscattering coefficient closer to the one at hh polarization because of isotropic scattering distribution, leading to an increase in σ hh /σ vv . To summarize, if a singlescattering model appears to be sufficient to explain the wet case, we shall have to consider a multiple-scattering term when dealing with a more complex and rougher geometry. Without this term, the IEM simulation tends to overestimate the copolarized ratio and thus underestimate the copolar phase. This hypothesis will be the subject of future investigations.
Dealing with C-Band data, the effect of desiccation should increase because of roughness parameters comparable to the wavelength (λ = 6 cm). Following the same procedure mentioned above, we performed simulations of both the copolar backscattering ratio and phase difference at 5.3 GHz. Since the dielectric properties of materials are frequency dependent, we assumed the dielectric constant dcl = 3.5−3.5 j and cll = 8−12 j for the salt crust and the underlying clay/loam layer, respectively, according to laboratory and in situ measurements. Dealing with the roughness parameters, we set the values of the rms height and the correlation length to 0.3 and 0.8 cm for the wet clay/loam layer and assumed varying parameters for the salt crust layer, from 0.3 to 1 cm for the rms height and from 3 to 8 cm for the correlation length.
Simulation results are presented in Fig. 11(a) for σ hh /σ vv and Fig. 11(b) for φ HHVV . As expected, C-Band results display the same behavior as the ones obtained at L-band, although we logically observed a higher dynamic in σ hh /σ vv since C-band is more sensitive to roughness parameters. However, the observations made for L-band hold for C-band too. Assuming low roughness (σ dcl = 0.3 and L dcl = 3 cm), it can be seen that the copolar ratio is close to the one observed on SAR data (about 0.48-0.54 for a 1-cm crust-layer thickness). Nevertheless, increasing the roughness parameters (as expected from the desiccation) leads to higher theoretical copolar ratios than the ones extracted from SIR-C data (σ hh /σ vv = 0.49): the IEM σ hh /σ vv exceeds 0.64 for σ dcl ≥ 0.8 cm, L dcl ≥ 6 cm, and a crust-layer thickness of 1 cm. Such an increment in roughness also leads to an underestimation of φ HHVV : less than 4
• for roughness parameters exceeding σ dcl = 0.8 cm and L dcl = 6 cm, while the SIR-C data indicate 7
• . The same physically based explanation mentioned for L-band can be invoked to explain the C-band results. Based on previous results concerning the multiple scattering [66] , it has been shown that the multiplescattering component is more effective at C-band than at L-band for roughness parameters closer to C-band. Subsequently, since the multiple-scattering component tends to differentiate the hh and vv backscattering coefficients, we should expect a decrease in σ hh /σ vv , closer to the values observed on SIR-C data. As far as φ HHVV is concerned, since it depends on the difference between σ o hh and σ o vv , a decrease in the copolarized ratio should lead to an increase in φ HHVV : the copolar phase appears to be inversely proportional to the copolar ratio when including a multiple-scattering term. This could explain for the lower φ HHVV derived from IEM simulation.
D. Comparison Between Simulated and Experimental Data
In this section, we compare the values generated by the IEM scattering model with those derived from SIR-C and AIRSAR images. The comparison is split up into April and September cases. All the measured and computed copolar ratios and phases are reported in Table IV. Considering the April case, we have shown in Section V-B that the IEM simulations predict a copolar ratio in good agreement with the values derived from the SAR data. Assuming an intermediate dielectric constant for L-band of wcl = 9−45 j to account for both the contributions of the wet NaCl surface and wet clay layers, occurring during the wet period as observed at the time of our fieldwork measurements, the IEM simulations predict a copolar ratio of about 0.3 for SIR-C and 0.23-0.24 for AIRSAR, whereas the SAR data display 0.32-0.33 and 0.23-0.25 for SIR-C and AIRSAR, respectively.
Going to the C-band frequency, the IEM simulations once again provide good estimates for σ 13. According to the IEM simulations, such a ratio suggests a higher soil moisture content, leading to higher dielectric properties than expected, possibly due to rainfall events at the time or just before the AIRSAR acquisitions. Such higher dielectric conditions could also account for the smaller ratio observed for April at L-band between SIR-C (0.32-0.33) and AIRSAR (0.23-0.25) data, since the copolarized ratio was shown to decrease with the increment in complex permittivity.
Since we previously considered an additional two-layer scattering IEM to reproduce the copolar phase in April, we should also assess such a model in reproducing the observed copolar ratio for the wet case. Going to C-band, the SIR-C data analysis for the September case reveals a copolarized ratio of 0.49, whereas the twolayer IEM simulation results reported in Section V-C predict a higher copolar ratio in the range 0.64-0.68 when assuming a 1-cm-thick rough NaCl crust layer (rms height > 0.8 cm and correlation length > 6 cm). Once again, these higher values can be attributed to a multiple-scattering term.
Considering the assumptions previously formulated for the input dielectric parameters, we compared the φ HHVV values generated from the analytical scattering model with those extracted from the SAR data. Since for the wet season (April), the Fresnel reflection coefficients were shown to be not sufficient for explaining the copolar phase observed on SAR images, we focused in the following on the φ HHVV derived from the two-layer scattering model applied to SIR-C parameters for the April and September seasons.
Compared to the L-band SAR data, the IEM simulations allow correlating the variations of φ HHVV to the seasonal variations of the dielectric properties due to changes in soil moisture between April and September. According to the IEM simulation, the dynamic of φ HHVV between April and September presents the same behavior as the one observed on the SIR-C images. The simulated copolar phase predicts an increase of about 20
• between April and September (from 6
• in September to 26 • in April), whereas the seasonal variations observed on SIR-C images revealed an increase of about 13
. This difference can be explained by the underestimation of the copolar phase difference in September, since the multiple-scattering term has not been considered. It should be noticed that even if the simulated phase for SIR-C data seems to be underestimated, its seasonal behavior agrees well for L-band.
Concerning the C-band simulations, the IEM copolarized phase shows an underestimation compared to SIR-C data: the simulated phase is of about 2
• -3.5
• in September and 8
• -9
• in April, while SIR-C data reveal an increase from about 7
• to 11
• . Nevertheless, the simulated phase increment is in the 5
• -7
• range, in good agreement with the phase increment of 4
• extracted from SIR-C data between September and April. Again, the underestimation for the simulated phase difference can be due to the multiple-scattering term [66] , [67] : as already mentioned, φ HHVV should increase with the increment of roughness parameters, because of the multiple-scattering effect. Assuming that the desiccation effect occurs in September, the single-scattering model would not be sufficient to reproduce the phase difference, since the geometry should consider a rougher and dry NaCl crust covering a wet clay layer. As demonstrated in [66] , multiple scattering will contribute to depolarize the incident wave, leading to an additional phase difference term. According to the roughness parameter dimensions, multiple scattering have then to be taken into account, particularly for C-band simulations, and should result in an increase of the copolar phase signal.
It should also be noticed that the absolute variations of the copolar phase difference between April and September (theoretical and observed) present a stronger dynamic in L-band than in C-band: for SIR-C data, the phase presents a dynamic of 4
• at C-band and about 13
• at L-band, while the IEM simulations predict a dynamic of about 6
• at C-band and 20
• at L-band. Such results suggest that L-band should be more relevant for the detection and mapping of moistened and hypersaline deposits and for the monitoring of the seasonal variations of their dielectric properties, because of the steep increase of the imaginary part at low frequencies. On the contrary, C-band should be more suitable for the detection and mapping of seasonal variations of soil moisture only, since the imaginary part (and, thus, the impact of salinity) strongly decreases with the increment in frequency.
VI. SUMMARY AND CONCLUSION
If it is well known that moisture influences the dielectric properties of natural media, the occurrence of salts will also strongly affect the microwave dielectric properties of soils. Because of the dependence of the imaginary part of the complex permittivity on the ionic conductivity induced by the presence of saline minerals, we have shown that SAR systems could be of great interest for the detection and mapping not only of soil moisture but also of hypersaline deposits.
Based on temporal AIRSAR and SIR-C series acquired over the saltpan of Death Valley, CA, as well as on electromagnetic characterization and analytical IEM simulations, we have highlighted the abilities of SAR systems to follow seasonal variations of soil moisture through the variation in the dielectric properties. Moreover, assuming complex dielectric constants derived from laboratory and fieldwork measurements as input parameters for the IEM scattering model, analytical simulations allowed us to reproduce the seasonal variations of both the copolarized backscattering ratio and phase difference observed on SAR images and correlated to the saline deposits. Providing a fairly good estimation of σ o hh /σ o vv and φ HHVV observed on SAR images, the IEM simulations also allowed relating these specific copolarized signals to the seasonal variations of the complex permittivity of soils and confirmed the dependence of the copolar ratio and phase difference on both the moisture and salinity of the soils.
Our IEM simulation results indicate that σ o hh /σ o vv decreases with the increment in the dielectric constant, that is, with soil moisture content: the higher the soil moisture, the higher the complex permittivity and the smaller the copolarized backscattering ratio. The copolar ratio has also shown to be salinity dependent because of the imaginary part of the dielectric constant, particularly at L-band. Both SAR data and simulation results indicate that σ o hh /σ o vv slowly varies with the real part, whereas it displays a strong dependence on the imaginary part. To summarize, the copolarized ratio appears to vary inversely with the imaginary part of the dielectric constant, that is, to the salinity, particularly at L-band.
Our IEM simulation results also confirmed that such a behavior lies in the difference between σ o hh and σ o vv , which increases with the soil moisture content and, thus, the salinity, as an increment in soil moisture leads to a higher free-water component, allowing greater amounts of mobile ions. In other words, the salinity appears to be the main contributor to the variations of σ o hh /σ o vv and φ HHVV , because of the strong impact of the ionic conductivity on the imaginary part of the dielectric constant, particularly at L-band. Because of the frequency dependence of the ionic conductivity, the salinity effect on the copolarized signals decreases at C-band for which the roughness effect becomes dominant.
Because of the relationship between the copolarized ratio and the phase difference, we showed that the dependence on moisture and salinity observed for the ratio holds for the radar phase signal. In particular, the phase signal extracted from SAR images and the simulated one are in good agreement according to seasonal variations. Moreover, our IEM simulations also highlighted the necessity to consider a two-layer scattering model to reproduce the observed phase signal, indicating that this copolar parameter is more sensitive to subsurface effects than the amplitude signal.
Our results also suggest that L-band should be more relevant for the detection and mapping of moistened and hypersaline deposits and for the monitoring of the seasonal variations of their dielectric properties, because of the steep increase of the imaginary part at low frequencies. On the other hand, C-band should be more suitable for the detection and mapping of seasonal variations of soil moisture only. He is currently pursuing a postdoctoral fellowship with the Water and Carbon Cycles Group, Earth Science Division, NASA JPL, California Institute of Technology, Pasadena, under a contract with NASA. His scientific research interests include remote sensing of arid regions and the electromagnetic characterization of geological materials for soil moisture detection and cartography of the paleohydrology with applications to Mars exploration. His recent activities relate to the geological processes of evaporitic environments for soil moisture detection and mapping, as related to the dielectric properties of saline deposits. He is also involved with several proposals related to the dielectric characterization of cold environments (snow, ice, and permafrost) related to planetary studies, as well as remote sensing applied to salt-affected vegetation cover. More recently, he has joined the Ventures science team as a complement to NASA's SMAP mission, targeted at understanding subcanopy and root-zone soil moisture using the P-band airborne SAR.
